death (14, 15). The dysregulation of Bcl-2 can lead to various diseases, such as autoimmunity, neurodegeneration, or cancer (16, 17). Indeed, Bcl-2 is overexpressed in various cancers, including most B cell-derived lymphoma, breast cancer, prostate cancer, and colorectal adenocarcinoma (4, 18, 19) , which may be correlated with chemoresistance in cancer cells.
Bcl-2 activity is regulated by various mechanisms, including transcription, posttranslational modifications, and degradation. Cyclic AMP response element is a major positive regulatory site in the bcl-2 promoter (20) . This element is required for the binding of NF-B and CREB (cAMP-response element-binding protein), which results in the activation of bcl-2 expression in lymphoma cells (21, 22) . On the other hand, increasing evidence suggests that Bcl-2 expression is also regulated at the posttranslational level through the modulation of protein stability. Various stimuli can induce the down-regulation of Bcl-2, including lipopolysaccharide, -amyloid, chromium (VI), tumor necrosis factor-, and kinetin riboside (23) (24) (25) (26) (27) , through a degradation machinery, thus resulting in the promotion of apoptosis. Although it has been
shown that the Bcl-2 degradation is mediated via the ubiquitin-proteasomal pathway (25, 28) , earlier studies showed that Bcl-2 is identified as a caspase substrate, and cleavage of
Bcl-2 appears to inactivate Bcl-2 function in cell survival pathways (29, 30) , suggesting a model where caspase cleavage of Bcl-2 produces a product that can further facilitate (residues 1-313) and FKBP38NTD (residues 1-150) were subcloned into pGEX-4T-1 and expressed in Escherichia coli BL21 cells. GST-tagged proteins were purified by glutathione-Sepharose 4B resin followed by Superdex-200 size exclusion column (GE Healthcare).
Bcl-2 TM and Bcl-X L TM (residues 219-239 and 213-233, respectively) were subcloned into pSUMO and pET29b, respectively. The hexahistidine-tagged proteins were purified on Ni 2+ -nitrilotriacetic acid resin. SUMO was cleaved by SUMO protease 1, and free Bcl-2 TM and His-Bcl-X L TM were further purified by Superdex-200 size exclusion column.
For GST pulldown assays, aliquots of GST-tagged-FKBP38 proteins with Bcl-2 TM or His-Bcl-X L TM proteins were incubated in a TNE buffer containing 20 mM
Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, and 0.5% Nonidet P-40 for 16 h at 4 °C, and then protein samples were mixed with 20 l of glutathione-Sepharose 4B resin for 30 min. After washing three times with the TNE buffer, the samples were subjected to SDSPAGE gel analysis.
Cleavage of Bcl-2 Protein-2 g of Bcl-2 TM or HisFKBP38-bound Bcl-2 TM were incubated with 50 ng of recombinant human active caspase-3/CPP32
(BioVision, Mountain View, CA) in a 30-l reaction buffer containing 50 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM dithiothreitol, 10% sucrose, and 0.1% CHAPS for 16 h at 37 °C. The reactions were stopped and subjected to SDS-PAGE gel analysis.
Fluorescence Resonance Energy Transfer (FRET) Assay-Cells grown on coated
glass coverslips were fixed with 3.7% paraformaldehyde in phosphate-buffered saline for 30 min at 4 °C at 24 h post-transfection. A Zeiss LSM510 META con-focal microscopy (Zeiss, Oberkochen, Germany) was used for FRET analysis by using the acceptor photobleaching method with modification (35) . Briefly, images with the following configuration were recorded: CFP, excitation wavelength 458 nm and emission filter BP 475-525 nm; YFP, excitation wavelength 514 nm and emission filter LP560. Visualization was with an oil immersion 63 objective. Cells were bleached in the YFP channel by scanning a region of interest 10 times using the 514 argon laser line at 75% intensity. The CFP signal of the region of interest was acquired before and after the photobleaching. The YFP bleaching efficiency (B E ) was calculated with the formula B E = (I 5 I 6 ) 100/I 5 , where I n was the YFP intensity at the nth time point. A nonbleached region in the same size was always selected as a control. At least 10 events
with B E > 90% and without bleach in the control region were selected to calculate the CFP-increasing or FRET energy transfer efficiency (E F ) by using the formula E F = (I 6 I 5 ) 100/I 6 , where I n was the CFP intensity at the nth time point.
RNA Interference Experiments-siRNA duplexes that target Bcl-2 (5'-AAGUACAUCCAUUAUAAGCUG-3'), FKBP38 (5'-AAGAGUGGCUGGACAUUCUGG-3'), and control (5'-AAGUCUCCAAGCGGAUCUCGU-3') were purchased from Dharmacon (Lafayette, CO). Transfection of the siRNA duplexes at 100 nM final concentrations was carried out using a Lipofectamine TM reagent. After transfection, the cells were processed for immunoblotting and immunocytochemistry as indicated.
Quantitative Reverse Transcription-PCR-The cells were transfected as described above. Cellular RNA was extracted using a RNeasy extraction kit from Qiagen (Hilden, Germany), and 2 g of total RNA was reverse-transcribed into cDNA by ImProm-II TM reverse transcriptase (Promega, Madison, WI). The primers used in PCR were: bcl-2 forward (5'-CCCAAGCTTATGGCGCACGCTGGGAGAACG-3') and reverse (5'-AAACTCGAGTCACTTGTGGCCCAGATAGGC-3'); -actin forward (5'-GACCTGACTGACTACCTCATGAAGAT-3') and reverse (5'-
GTCACACTTCATGATGGAGTTGAAGG-3').
Cell Viability Assay-Cell viability was determined using the CellTiter 96
Aqueous One Solution Reagent kit (Promega) according to the manufacturer's instructions 24 h after treatment, and absorbance at 490 nm was measured.
Statistical Analysis-All traces and immunoblots presented are representative of at least three separate experiments. All quantitative data are presented as the means ± S.E. of a minimum of three experiments. Comparisons between two groups were analyzed via a t test, and values of p < 0.05 were considered to be significant.
RESULTS

Bcl-2 Is Accumulated by the Overexpression of FKBP38-To check whether FKBP38
is involved in mediating the stability of Bcl-2, we first looked at the effect of transfected FKBP38 on the level of Bcl-2. For this, we used Huh7 (Bcl-) cells (Fig. 1A ) to exclude the effect of endogenous Bcl-2. FKBP38-fused to a FLAG epitope tag (FLAG- transfected. To further confirm this regulatory effect, a time-course experiment for the Bcl-2 expression either alone or together with FKBP38 was performed (Fig. 1D ).
Huh7 cells were transfected with the plasmids expressing YFP-Bcl-2 and FLAG-FKBP38, and at different time points cell extracts were prepared and analyzed by immunoblotting. We showed that in the absence of FKBP38, no Bcl-2 was detected 48 h after transfection. However, in the presence of FKBP38, the Bcl-2 protein levels were significantly increased and well maintained up to 48 h (Fig. 1D) and Bcl-2 is direct, we performed GST pulldown assays showing that Bcl-2 TM binds to GST-tagged FKBP38 TM in adosedependent manner (Fig. 2D ). In contrast, the binding affinity between Bcl-2 TM with FKBP38NTD was weak (Fig. 2D) . The binding patterns observed in GST pulldown assays were similar to the immunoprecipitation patterns between Bcl-2 and FKBP38 and FKBP38NTD (supplemental Fig. S2 ). As described in a previous study (2) , the N-terminal portion of FKBP38 that includes the FK506 binding domain is important for the binding with Bcl-2. In addition, we observed that the TPR domain has an effect on the interaction between the two proteins. To confirm the effects of the TPR domain of FKBP38 on its binding with Bcl-2, B104 cells were co-transfected with plasmids expressing YFP-Bcl-2 and either FLAGFKBP38 or FLAG-FKBP38 TPR. Cell lysates were immunoprecipitated with an anti-FLAG antibody followed by immunoblotting to detect the bound YFP-Bcl-2 and the endogenous HSP90 that bind to FKBP38 through its TPR domain (6, 7). As expected, FKBP38 TPR showed no interaction with HSP90 and Bcl-2 ( Fig. 3A) , indicating that the TPR domain of FKBP38 is not only important for the interaction with HSP90 but also critical for its interaction with Bcl-2. As several residues in the TPR domain are involved in the binding with the MEEVD motif located at the C terminus of HSP90 (36-38), we examined whether those residues are also involved in the interaction with Bcl-2. We mutated the target sites (K167G/R168G, N172K, and K284G/R252G) in the TPR domain of FKBP38. Interestingly, although the mutants showed markedly reduced binding to HSP90, they did not affect its binding affinity to Bcl-2 ( Fig. 3B ), suggesting that Bcl-2 interacts with the TPR domain of FKBP38 through the irrelevant pathway to HSP90.
To check whether the Bcl-2 stability is due to its binding to FKBP38, Huh7 cells were transfected with plasmids expressing YFP-Bcl-2 and either FLAG- ). Therefore, we conclude that the stabilization of Bcl-2 is attributable to the binding of Bcl-2 with FKBP38. Also, the function of FKBP38 was specific to Bcl-2,
as the protein levels of Bcl-X L , which was also reported to bind to FKBP38 (2), and
Mcl-1L remained relatively unchanged under co-transfection with FKBP38 (Figs. 4, D and E). Conversely, in a reciprocal experiment with increasing amounts of YFP-
Bcl-2 expression vector, we failed to observe any enhanced expression of coexpressed FLAG-FKBP38 (data not shown). Together, the results suggest that the FKBP38 effect on Bcl-2 stability is specific and unidirectional.
FKBP38 Stabilizes Bcl-2 by a Posttranslational Mechanism-To examine whether
Bcl-2 accumulation is posttranslational, Huh7 cells were transfected with plasmids expressing either YFP-Bcl-2 alone or together with FLAG-FKBP38 and incubated in the presence or absence of cycloheximide that blocks de novo protein synthesis. As shown in Fig. 5A , in the presence of cycloheximide, the overexpressed FKBP38 resulted in a decrease in Bcl-2 degradation, whereas in the absence of cycloheximide, the Bcl-2 level remained steady. The half-life of the transfected Bcl-2 protein increased from 4.5 h to more than 7 h as a consequence of FKBP38 overexpression, indicating that FKBP38
increases the stability of Bcl-2. To investigate if there is any transcriptional effect on the bcl-2 gene, the levels of bcl-2 RNA were also measured by quantitative reverse transcription-PCR (Fig. 5B ). The RNA levels were similar in cells either transfected with the Bcl-2 plasmid alone or the Bcl-2 and FKBP38 plasmids. Therefore, we speculate that the stabilization effect seen on Bcl-2 is due to a posttranslation event by FKBP38.
FKBP38 Prevents the Down-regulation of Bcl-2 by Caspases-To define the
mechanism that might provide a molecular basis for the FKBP38-mediated accumulation of Bcl-2, Bcl-2-overexpressed Huh7 cells were treated with lactacystin and chloroquine, which are proteasomal and lysosomal inhibitors, respectively. Both of the inhibitors failed to stabilize Bcl-2 protein (Fig. 6A) , indicating the proteasomal and lysosomal degradation pathways are unlikely to be the major modes of the Bcl-2 downregulation in Huh7 cells. As Bcl-2 was shown to be cleaved at Asp-34 by caspases during apoptosis and also by recombinant caspase-3 in vitro (29, 39) , we tested the effects of caspases on the FKBP38-induced accumulation of Bcl-2. When Bcl-2-overexpressed cells were treated with the pan-caspase inhibitor, Z-VAD-fmk, the level of Bcl-2 increased (Fig. 6A) , although its accumulation did not reach the levels obtained with the overexpression of FKBP38 (fourth and fifth lanes in Fig. 6B and second and third lanes in Fig. 6C ). On the other hand, the Bcl-2 level in the cells co-transfected with FKBP38 and Bcl-2 in the absence of Z-VAD-fmk was slightly lower than that in its presence (fifth and eighth lanes Fig. 6B and third and fourth lanes in Fig. 6C ), indicating that a lower level of caspase activity still takes place in the presence of FKBP38. To further verify that the interaction between FKBP38 and Bcl-2 lessens caspase activity against Bcl-2, cells were transfected with plasmids expressing YFP-Bcl-2 and either FLAG-FKBP38, FLAGFKBP38 NTD, or FLAG-FKBP38 TPR and then treated with or without Z-VAD-fmk. As shown in Fig. 6C , the levels of Bcl-2 in the cells coexpressing Bcl-2 along with the deletion mutants were much lower compared with those in the cells expressing both Bcl-2 and FKBP38 in the absence of Z-VAD-fmk (third, fifth, and seventh lanes). The Bcl-2 levels in the cells transfected with deletion mutants were recovered to a varying degree by the treatment with Z-VAD-fmk, thus confirming that FKBP38 by itself can enhance the stability of Bcl-2 but cannot completely block the turnover of Bcl-2 via caspase-mediated degradation as seen in cells transfected with FLAG-FKBP38 NTD (Fig. 6C) . The specificity of Bcl-2 accumulation to caspase inhibitors was also determined. Huh7 cells were transfected with plasmids expressing YFP-Bcl-2 alone or together with FLAG-FKBP38 and then treated with a pan-caspase inhibitor (Z-VAD-fmk), caspase-3 inhibitor (Z-DEVD-fmk), or caspase-9 inhibitor (Z-LEHD-fmk). As shown in Fig. 6D , both caspase-3 and -9 inhibitors prevented the down-regulation of Bcl-2; however, the effect of caspase-3 was greater than that of caspase-9 in the modulation of the Bcl-2 protein levels. 7B ), which is consistent with in vitro observation (32) . In addition, we also performed FRET experiments between the YFP-fused Bcl-2 and the loop deletion mutant of Bcl-2 and the CFP-FKBP38 (Fig. 7C) , demonstrating that the loop deletion mutant shows significantly reduced FRET efficiency, confirming that the flexible loop of Bcl-2 is the primary binding to FKBP38. To further check whether the known caspase cleavage site of Bcl-2 (residue Asp-34) was mutated to Ala (mutant D34A), we tested it characteristics. As shown in Fig. 7D , a significant increase was observed in the wild-type Bcl-2 level in the presence of FKBP38 but not in D34A, suggesting that the stability of Bcl2/D34A mutant is no longer dependent on the presence of FKBP38. To address the question of whether the protective role and resulting stability by FKBP38 is specific to Bcl-2, we also checked Bcl-X L using a GST pulldown assay. Interestingly, the results showed that FKBP38-bound Bcl-X L was barely detected as compared with FKBP38-bound Bcl-2 (supplemental Fig. S3, A and B). In addition, cleavage of Bcl-X L by caspase-3 was detected in the presence or absence of FKBP38 (supplemental Fig. S3C ). Taken together, these results suggest that FKBP38 protects Bcl-2 degradation by caspases through the direct interaction with the flexible loop domain of Bcl-2, which contains the caspase cleavage site.
FKBP38 Protects Bcl-2 Degradation by Caspases through the Direct Interaction with the Flexible Loop Domain ofBcl-2-To
Finally, to find out whether FKBP38 affects general caspase activity, Huh7 cells were treated with siRNAs targeting FKBP38, and then the expression levels of processed caspase-3, -8, and -9 were monitored. We showed that the levels of cleaved caspase-3, -8, and -9 did not show much difference between cells treated and untreated with FKBP38 siRNA, suggesting that FKBP38 does not induce significant changes in general caspase activity in Huh7 cells (supplemental Fig. S4 ).
FKBP38 Overexpression Increased Endogenous Bcl-2 Protein Levels and Prevented
Apoptotic Cell Death-As Bcl-2 was previously shown to be down-regulated under exposure to anticancer drug such as kinetin riboside (24), here we tested the effect of FKBP38 on kinetin riboside-induced Bcl-2 down-regulation. HeLa cells were transfected with plasmids expressing FLAG-mock or FLAG-FKBP38 and then treated with kinetin riboside in a dose-dependent manner. The overexpression of FKBP38 resulted in a reduced rate of Bcl-2 down-regulation compared with that of the mock transfection (Fig. 8A ). We examined cell viability under identical conditions. As shown in Fig. 8B , FKBP38 also reduced kinetin riboside-induced cell toxicity. These results suggest that the overexpressed FKBP38 in HeLa cells is involved in the modulation of endogenous Bcl-2.
FKBP38-dependent stabilization of Bcl-2 was further examined using siRNAs, demonstrating that the endogenous FKBP38 and Bcl-2 protein levels were significantly reduced by the treatment of siRNA targeting FKBP38 in MCF-7 cells expressing caspase-3 (MCF-7/caspase-3(+)) (Figs. 9, A and B) , whereas the level of Bcl-X L remained little changed (Fig. 9A) . Moreover, Bcl-2 siRNA did not affect the levels of FKBP38 protein or mRNA (data not shown). To check the effects of various inhibitors on the down-regulation of Bcl-2 upon depletion of FKBP38, MCF-7/caspase-3(+) cells transfected with FKBP38 specific siRNA were treated with lactacystin, chloroquine, or Z-VAD-fmk. The cells exposed to Z-VAD-fmk showed a minor increase of the Bcl-2 levels as compared with vehicle treatment (Fig. 9C) . To further verify this finding, FLAG-FKBP38 was retransfected into the cells pretransfected with FKBP38 siRNA.
As shown in Figs. 9, D and E, the increased level of Bcl-2 was observed in FLAG- and -8 activities, although the level of increase is less with caspase-8. Also, we showed that the Bcl-2 level decreases compared with the untreated cells, whereas the level of Bcl-X L remained unchanged (Fig. 9F) . We demonstrated that in the absence of FKBP38 knockdown, Bcl-2 exhibits a relatively minor down-regulation in response to etoposide, whereas in the presence of FKBP38-knockdown Bcl-2 shows a significant down-regulation. In addition, the activities of caspase-3, -8, and -9 in etoposideuntreated cells showed little change in both FKBP38 siRNA and control siRNA treated cells (Fig. 9F) , and similar results were obtained in FKBP38-knockdown HeLa cells treated with kinetin riboside and etoposide (Fig. 9G) , suggesting that Bcl-2 stability after apoptotic stimuli is mainly mediated by FKBP38, without affecting other Bcl-2 family proteins or inherent caspase activity and not limited to a particular cell type. Taken together, our results provide evidence that FKBP38 is a key chaperone in Bcl-2 stability and plays an important role in the maintenance of Bcl-2 protein level in cells.
DISCUSSION
Overexpression of Bcl-2 is linked to resistance to chemotherapy and a poor prognosis in cancer (40) . However, the molecular mechanism for the Bcl-2-mediated resistance to chemotherapeutic agents currently remains elusive.
Although function of Bcl-2 is tightly regulated through its molecular interaction with proapoptotic partners, its antiapoptotic activity is also regulated through posttranslational modifications such as ubiquitination, phosphorylation, and caspasemediated cleavage in response to a variety of external stimuli (23, 25, 28, 29, 39, 41, 42) . Here, we show that FKBP38, a noncanonical FKBP family member, contributes to the accumulation and stabilization of Bcl-2 by hindering its degradation through a caspase-dependent mechanism. Our results demonstrated that the level of (Figs. 1, 8A , and 9) and reduces the rate of Bcl-2 degradation (Fig.   5A ), thus contributing to protection of the apoptotic cell death induced by chemotherapeutic compound (Fig. 8B) . We have also demonstrated that suppression of FKBP38 by siRNA decreases cellular levels of Bcl-2 protein (Figs. 9, A and B) , thus resulting in the apoptotic cell death (12) , which is in agreement with a previous report (2) , suggesting that FKBP38 is an important regulator in promoting growth of cancer cells through accumulation of Bcl -2 protein, although it is probably dependent on the cellular context.
FKBP38 was shown to be involved in modulating stability of PHD2, which is a member of novel family of oxygen-, ferrous iron-, and 2-oxoglutarate-dependent prolyl-4-hydroxylase domain-containing enzymes (13) . It was also shown that FKBP38 directly binds via its TPR domain to the S4 subunit of the 19 S proteasome and results in an increase in the proteasomal activity in the membrane fraction (47) . These data suggest that FKBP38 may be involved in the degradation processes of its binding proteins in the membrane. In our study reported here, we presented that overexpressed FKBP38
forms a complex with Bcl-2 ( Figs. 2 and 4 ) and increases the Bcl-2 stability in both Huh7 (Figs. 2, 4 , and 5) and HeLa cells (data not shown). This confirms that the molecular interaction between Bcl-2 and FKBP38 is critical in enhancing the stability of Bcl-2. In fact, FKBP38 has multiple binding partners, including Bcl-2, Bcl-X L , Rheb, mTOR, and PHD2 (2, 9, 13) . Therefore, we also tested the effect of FKBP38 on the stability of Bcl-X L . However, its level remained unchanged with overexpression of FKBP38 (Fig. 4D) , suggesting that FKBP38 has a specific function on the stability of Bcl-2.
Previous studies showed that Bcl-2 is cleaved by caspase-3 and caspase-9 activation and its anti-apoptotic function is inactivated and promotes apoptosis (29, 39) . Here, we showed that the overexpression of FKBP38 interferes with down-regulation of Bcl-2 in the caspase-mediated pathways, including caspase-3 and caspase-9, and Bcl-2 binding-defective mutants ( NTD and TPR) of FKBP38 are unable to protect the caspase-mediated Bcl-2 degradation (Fig. 6 ). The structure of Bcl-2 reveals the presence of a long flexible loop between Bcl-2 homology region 4 (BH4) and BH3 (48) , which contains a caspase cleavage site (29) . Here we demonstrated that the loop containing the caspase cleavage site in Bcl-2 (residue 34) is protected by FKBP38 (Fig. 7C) , indicating the antagonizing role of FKBP38 against Bcl-2 cleavage by caspase-3 through the direct binding (Fig. 7A) . Based on these results, we hypothesize that FKBP38 binding to Bcl-2 restricts the caspase-mediated Bcl-2 degradation in the flexible loop, contributing to the stability of Bcl-2, and might shut off a positive feedback loop for executing apoptosis (31) .
Is the protective role of FKBP38 specific to Bcl-2 but not to other anti-apoptotic Bcl-2 family proteins? The three-dimensional structures of Bcl-2 and Bcl-X L are very similar, and both contain the flexible loops between Bcl-2 homology region 3 (BH3) and BH4 regions (49) . It is noted that their amino acid sequences in the flexible loops are quite divergent. The flexible loop of Bcl-X L contains more charged residues, especially acidic residues, contributing to a considerably lower pI value (pI = 4.86) compared with that of Bcl-2 (pI = 6.8). Another interesting feature is that unlike Bcl-X L , Bcl-2 becomes phosphorylated in response to a variety of external stimuli. It was previously shown that the primary phosphorylation sites are located in the flexible loop of Bcl-2 (residues Thr-56, Ser-70, Ser-87) (32) . Interestingly, these phosphorylation sites are always followed by proline residues (49) . As FKBP38 exhibits a peptidylprolyl cis-trans isomerase activity that is induced upon binding calcium-calmodulin (50), it is possible that the inducible peptidylprolyl cis-trans isomerase of FKBP38 preferentially recognizes the proline-containing sequences of Bcl-2 and modulates the folding process of Bcl-2 or protein-protein interaction. This could be a molecular signature in providing specificity to Bcl-2 by FKBP38.
However, the detailed molecular mechanism awaits a further study. In conclusion,
here we presented a regulatory role of FKBP38 on the caspase-mediated Bcl-2 downregulation, which is inhibited by the overexpression of FKBP38 and thereby maintains cell survival function of Bcl-2 in cancer cells. were treated, and the levels of Bcl-2 protein were determined by immunoblotting. 
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